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ABSTRACT
We present a modification of a model of solar cycle evolution of the solar Lyman-α line profile, along with
a sensitivity study of interstellar neutral H hydrogen to uncertainties in radiation pressure level. The line pro-
file model, originally developed by Kowalska-Leszczynska et al. (2018a), is parametrized by the composite
solar Lyman-α flux, which recently was revised (Machol et al. 2019). We present modified parameters of the
previously-developed model of solar radiation pressure for neutral hydrogen and deuterium atoms in the he-
liosphere. The mathematical function used in the model, as well as the fitting procedure, remain unchanged.
We show selected effects of the model modification on ISN H properties in the heliosphere and we discuss the
sensitivity of these quantities to uncertainties in the calibration of the composite Lyman-α series.
1. INTRODUCTION
The solar resonant radiation pressure in the Lyman-α spec-
tral line is an important factor determining the distribution
of the interstellar neutral H (ISN H) in the inner heliosphere
(Tarnopolski & Bzowski 2009). The density of ISN H near
1 au from the Sun (hence, consequently, the distribution of
the heliospheric backscatter glow in the sky) and the flux of
ISN H are sensitive functions of the magnitude of the solar
radiation pressure.
Tarnopolski & Bzowski (2009) developed a model of the
evolution of the solar Lyman-α line profile integrated over
the solar disk during the varying solar activity. This model
was parametrized by the solar Lyman-α composite flux,
routinely measured by Laboratory for Atmospheric and
Space Physics, University of Colorado (LASP), Boulder
(Woods et al. 2000). The baseline data for the Tarnopolski
& Bzowski model were observations of the solar Lyman-α
line profile from SUMER/SOHO for a dozen dates during
approximately half of the solar cycle (Lemaire et al. 2002;
Lemaire et al. 2005).
With observations of the line profile from more than forty
dates covering a full solar cycle (1996–2009), published by
Lemaire et al. (2015), Kowalska-Leszczynska et al. (2018a)
developed a more refined model of the dependence of this
profile on the magnitude of the solar Lyman-α composite
flux, which will be referred to as the IKL model of ra-
diation pressure. In this model, the line profile is com-
posed of three main components: (1) a kappa-like general
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Figure 1. Comparison of the two versions of the composite Lyman-
α flux from LASP: Version 3 (V3) and Version 4 (V4) (Woods et al.
(2005) and (Machol et al. 2019), respectively). Top panel presents
the data averaged over Carrington period for Version 3 in gray and
for Version 4 in blue. Bottom panel shows the ratio of Itot V4 to
Itot V3. Note that the change between Version 3 and Version 4 after
∼ 2005 is by an almost constant factor of 1.04.
profile, (2) a Gaussian central reversal, responsible for the
characteristic self-reversed structure with two horns, and (3)
a linear background (foot). The parameters of the func-
tions defining these components were assumed to be lin-
ear functions of the line- and disk-integrated Lyman-α in-
2tensity, available as the LASP composite flux1. The origi-
nal profiles observed by Lemaire et al. (2015) and the model
by Kowalska-Leszczynska et al. (2018a) both used the same
version of the composite Lyman-α flux, namely Version 3
(Woods et al. 2005).
Machol et al. (2019) re-calibrated the composite Lyman-
α flux, using observations corrected based on an improved
model of instrument aging and a more advanced method of
filling the inevitable gaps in daily observations using differ-
ent proxies. The resulting Version 4 of the Lyman-α com-
posite flux is compared with Version 3 in Figure 1 as well
as in Figure 5 in Machol et al. (2019). Version 4 of the
composite flux has been improved by using as the refer-
ence data from SORCE SOLSTICE instead of those from
UARS SOLSTICE, but also by using the solar radio flux F30
(Tanaka & Kakinuma 1957) instead of the F10.7 (Tapping
2013) flux wherever possible. Also there was an issue with
a 1 au correction of the F10.7 radio flux in Version 3 that
is now removed. As a result, Version 4 is a major improve-
ment with respect to Version 3. Typical differences between
the two versions are ∼ ±10%. Generally, the magnitudes
of the flux during the minimum of solar activity are some-
what higher in Version 4 than in Version 3. The ratio of the
irradiances V4/V3 after 2005 is approximately constant and
equal to 1.04, but for earlier dates it oscillates inside∼ ±5%,
with occasional departures to ±10%, and sometimes even to
±20% (several days in 1991). During the solar maxima, the
ratio of the irradiances V4/V3 is rapidly changing, and the
magnitude of the V4 flux is as often smaller as it is higher
than in V3.
Kowalska-Leszczynska et al. (2018b) demonstrated a high
sensitivity of the density and flux of ISN H near 1 au to
details of the solar Lyman-α line profile, studying differ-
ences between predictions of the Warsaw Test Particle Model
(nWTPM; Tarnopolski & Bzowski 2009) run with radiation
pressure models from Tarnopolski & Bzowski (2009) or, al-
ternatively, from Kowalska-Leszczynska et al. (2018a). The
high sensitivity of the ISN H to details of radiation pres-
sure inferred from this analysis stimulated us to update the
model of Kowalska-Leszczynska et al. (2018a) based on the
updated time series of the LASP Lyman-α composite flux
and to investigate how this update modifies the ISN H in-
side the heliosphere. An added benefit from this analysis is
an illustration of the sensitivity of the density of interstellar
neutral hydrogen (ISN H) within a few au from the Sun is to
the solar total irradiance, and of the non-linear nature of this
sensitivity.
In the following, we re-evaluate the parame-
ters of the radiation pressure model proposed by
1 Available from http://lasp.colorado.edu/lisird/data/composite lyman alpha/
Kowalska-Leszczynska et al. (2018a) for hydrogen and deu-
terium with the baseline solar Lyman-α profiles updated
by the new Version 4 Lyman-α composite flux series. In
Section 2 we start with re-normalization of the input line
profiles from Lemaire et al. (2015). We then derive new co-
efficients of the model from Kowalska-Leszczynska et al.
(2018a). In Section 3 – following the approach by
Kowalska-Leszczynska et al. (2018b) – we investigate the
effect of the update of the model on selected aspects of ISN
H inside the heliosphere. Finally, in Section 4 we summarize
and conclude our work.
2. UPDATED MODEL OF SOLAR RADIATION
PRESSURE
2.1. Renormalization of the profile line observations
In the original paper by Lemaire et al. (2015), the absolute
scaling of the observed profiles was done by satisfying the
requirement for the integrated spectral irradiance measured
by SUMER to be equal to the magnitude of the composite
Lyman-α irradiance for the day of observation. The observed
profiles were normalized using the total Lyman-α irradiance
Version 3. We re-scaled the Lyman-α profiles published by
Lemaire et al. (2015) using the updated, Version 4, of the
composite Lyman-α flux. The rescaling factors are ratios of
Itot from Table A.1 in Lemaire et al. (2015) to Itot in Version
4:
frs(ti) =
Itot,V4(ti)
Itot,V3(ti)
, (1)
where frs is the scaling factor for a day ti, Itot,V3(ti) and
Itot,V4(ti) are the total solar irradiance in Version 3 and 4, re-
spectively, for ti. We next multiplied the original line profiles
by the appropriate frs coefficients.
The difference between the original and the re-scaled pro-
files is shown for two example profiles, presented in the top
left panel of Figure 2 with grey (Version 3) and blue mark-
ers (Version 4). The profiles were taken during solar mini-
mum (Dec. 5, 1996) and solar maximum (Oct. 28, 2001)
and they are equivalent to the profiles investigated in our pre-
vious paper (Kowalska-Leszczynska et al. 2018b). The orig-
inal and renormalized profiles taken during the solar maxi-
mum in 2001 are almost identical, while the rescaled profiles
taken during the solar minimum are systematically different
– Version 4 predicts a stronger line than Version 3. This
is easily understandable since the recalibration of the total
irradiance (Figure 1) resulted in very little modification of
Itotvalues during solar maximum and a larger change during
solar minimum.
2.2. Updated model parameters
With the original profiles renormalized, we repeated the
least-squares fitting of the model parameters defined in Equa-
tions 8–11 in Kowalska-Leszczynska et al. (2018a) to all 43
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Figure 2. Comparison of the profiles based on Version 3 and on Version 4 of the LASP composite Lyman-α series. Top left panel: observed pro-
files taken during solar minimum (Dec. 4, 1996) and solar maximum (Oct. 28, 2001). Gray markers show the original data from Lemaire et al.
(2015), and blue markers represent the re-scaled data. Top right panel: Profiles calculated using our previous model based on Version 3 Itot time
series (dashed lines) and those calculated using our new model based on Version 3 Itot time series (solid lines). Middle left panel: Comparison
between observed data (points) and our old model (solid lines) for solar minimum (purple) and solar maximum (orange). Middle right panel:
Comparison between observed re-scaled data (points) and our new model (solid lines) for solar minimum (purple) and solar maximum (orange).
Bottom left panel: Residuals for the model based on Version 3. Bottom right panel: residuals for the model based on Version 4.
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Figure 3. Linear correlations between the parameters of the fitted model and Itot. Each panel shows one of the parameters listed in Table 1.
Each point along with its error bars is obtained from a fit to an individual observation of the Lyman-α line profile. Gray points represent the
results based on the irradiance calibration Version 3, while the blue ones are obtained using the new Version 4. Lines are fitted to the points
using the least squares method.
5Table 1. Updated coefficients of the lin-
ear correlations between the model pa-
rameters for H and the total irradiance
in Lyman-α, defined in Equation 13 in
Kowalska-Leszczynska et al. (2018a).
Parameter (Pi) βi αi
AK 6.523 0.619
µK 5.143 −1.081
σK 38.008 0.104
κ 2.165 −0.301
AR 580.37 0.28
dµ −0.344 −0.828
σR 32.439 −0.049
bbkg 0.035 0.184
abkg 0.411 · 10
−4
−1.333
NOTE— The model along with the
parameter values is available on-
line: http://users.cbk.waw.pl/ ikowal-
ska/index.php?content=lya
profiles observed by Lemaire et al. (2015). The best fitting
values of the parameters along with the nominal errors of the
fitting procedure are shown in Figure 3. Blue points with
error bars represent the new values based on Version 4 of the
composite Itottime series, and the gray points, based on Ver-
sion 3, are shown for comparison. All parameters are plot-
ted as functions of Itot. Additionally, the linear correlations
used to express each parameter as a linear function of Itot, are
shown as solid lines. The numerical values of the coefficients
of the linear functions, defined as Pi = βi
(
1 + αi
Itot
〈Itot〉
)
,
are listed for all parameters in Table 1 for hydrogen and in
Table 2 for deuterium.
The change of Itot affects the strongest the parametersAK ,
Ar, and bbkg, that is the parameters responsible for the gen-
eral profile shape and the background. AK is the height of the
kappa-component of the profile, Ar is the depth of the cen-
tral reversal, and bbkg is the slope of the remnant background
in the model. The other parameters changed so little that the
modifications of the correlation lines in Figure 3 are barely
visible. The change in AK , AR, and bbkg is understandable
given the results of the Itot update: the contrast between the
solar minimum and maximum levels is reduced, so the slope
of AK(Itot) smaller. Similarly, the depth of the central re-
versal is reduced for larger total intensities, and the spectral
background is less sensitive to Itot. The other parameters of
the model, corresponding to the widths of the baseline pro-
file and of the self-reversal, as well as to the spectral shift of
the central reversal, are very little affected by the update of
line-integrated irradiance.
Table 2. Updated coefficients of the lin-
ear correlations between the model pa-
rameters for D and the total irradiance
in Lyman-α, defined in Equation 13 in
Kowalska-Leszczynska et al. (2018a).
Parameter (Pi) βi αi
AK 3.264 0.619
µK −76.237 0.213
σK 38.008 0.104
κ 2.165 −0.301
AR 290.41 0.28
dµ −0.344 −0.828
σR 32.439 −0.049
bbkg 0.017 0.184
abkg 0.206 · 10
−4
−1.333
NOTE—The model along with the
parameters is available online:
http://users.cbk.waw.pl/ ikowal-
ska/index.php?content=lya
3. EFFECTS OF THE MODEL UPDATE ON THE
SELECTED EFFECTS INSIDE THE HELIOSPHERE
In this section we briefly compare the effect of updating the
radiation pressure model on the density of ISN H in selected
locations inside the heliosphere and on the model ISN H
flux observed by the Interstellar Boundary Explorer (IBEX;
McComas et al. 2009). An extensive study of the sensitivity
of various ISN H-related quantities to various aspects of radi-
ation pressure was presented by Kowalska-Leszczynska et al.
(2018b). Here, we show the difference between selected as-
pects of ISN H inside the heliosphere, simulated using the
old and the updated versions of the radiation pressure model.
The simulations were done using the nWTPM model of the
distribution of ISN H inside the heliosphere. All parame-
ters and other assumptions were identical to those used by
Kowalska-Leszczynska et al. (2018b) except for the radiation
pressure, which nowwas based on the model presented in our
paper.
3.1. ISN H Density
Figure 4 presents the ratio of the ISN H density based on
Itot Version 4 to that based on Version 3 during the minimum
(top panel) and maximum of solar activity (bottom panel).
The simulations were performed in the ecliptic plane for five
distances from the Sun from 1 to 10 au. As it was expected,
the biggest effect occurs at 1 au, where in the downwind di-
rection the density based on Version 4 is significantly lower.
While in the downwind direction, especially close to the Sun,
the hydrogen density is very small, even a slightest change in
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Figure 4. Ratio of the hydrogen density based on Version 4 to that
based on Version 3 in the ecliptic plane for different distances from
the Sun. Top panel shows a minimum of the solar activity in 1996
and bottom panel corresponds to a maximum of solar activity in
2001. The most visible effect is on the Earth’s orbit denoted by the
red line. Other distances from the Sun are also shown for compari-
son: 1.5 au in green line, 3 au in magenta line, 5 au in blue line and
10 in orange line.
radiation pressure causes a strong effect on the model density
magnitude in this region. Therefore, it is important to use in
simulations the most updated and accurate model of radia-
tion pressure, should a precise calculation of the density and
related quantities be needed.
In Figure 5, the ratio of hydrogen density based on Version
4 to that based on Version 3 is shown as a function of time
for the downwind (top panel) and upwind (bottom panel) di-
rections. The simulations were performed for the same set
of distances from the Sun as for the previous plot. Again, the
biggest effect is for the closest distances and in the downwind
direction (even up to 50%). The density change is relatively
large inside 2–3 au, where the percentage change is larger
than the percentage change in radiation pressure (see bottom
panel of Figure 1). The sensitivity is larger in the downwind
hemisphere. Outside ∼ 3 au, the effect of the solar Lyman-α
flux recalibration on the ISN H density becomes negligible.
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Figure 5. Ratio of the hydrogen density based on Version 4 to that
based on Version 3 for different distances from the Sun in the down-
wind (top panel) and upwind directions (bottom panel). Two verti-
cal lines show the solar minimum conditions in 1996 and those for
the solar maximum in 2001. The color scheme of the lines is the
same as in Figure 4.
Results shown in Figure 5 are as expected from analysis
of the modification of the magnitude of radiation pressure.
When the ratio of Itot(see bottom panel of Figure 1) V4/V3
values is greater than 1, radiation pressure based on Version 4
is stronger, therefore it blows hydrogen awaymore efficiently
and we end up with a lower density (the ratio of densities
shown in Figure 5 is less than 1).
3.2. H+ PUIs
The change in the ISN H density influence also the H pick
up ions (H+ PUI) density. The most affected are PUIs at dis-
tances where the ISN H density is the most altered. However,
the H+ PUI density is greater than 10% of the H+ PUI den-
sity at the Termination Shock (TS) for distances greater than
1 au (Soko´ł et al. 2019), where the effect of the change of
ISN H density due to the Itotchange is negligible. In conse-
quence, the effect of variation of absolute calibration of Itoton
H+ PUIs is less than 5% for distances greater than 10 au and
thus we can assume it is insignificant, especially at the TS.
3.3. Helioglow
7Another quantity potentially affected by the changes of
Itot, and consequently of the radiation pressure is the inten-
sity of the hydrogen backscatter glow. The source func-
tion of the backscatter glow is proportional to the magni-
tude of the solar illuminating flux (Itot) and the local den-
sity of ISN H, and inversely proportional to the square of
solar distance. The helioglow intensity is a line of sight inte-
gral of the source function. Regions where the source func-
tion attains maximum values are located around ∼ 1.5 au
upwind and ∼ 10 au downwind (see, e.g., Figure 10 in
Rucin´ski & Bzowski 1995). This is largely outside the re-
gion strongly affected by the update of the solar flux model.
Even though the relative change of the source function close
to the Sun may be large (especially in the downwind region
because of the large change of the density), its effect on the
backscatter glow intensity is expected to be relatively small.
A higher Lyman-α intensity increases the illumination of ISN
H on the one hand, but on the other hand results in an increase
of radiation pressure and a decrease of the density.
3.4. ISN H flux observed by IBEX-Lo
Yet another aspect where radiation pressure might play
an important role is the flux of ISN H at 1 au,
which is sampled by IBEX (Saul et al. 2012; Galli et al.
2019; Rahmanifard et al. 2019). In our previous paper
(Kowalska-Leszczynska et al. 2018b), we analyzed the ex-
pected differences between the signal simulated using the
radiation pressure model by Tarnopolski & Bzowski (2009)
and that by Kowalska-Leszczynska et al. (2018a). We
showed that the effect of this change of radiation pres-
sure model is clearly visible in the simulated signal. Here,
we show a similar comparison for the transition from the
IKL radiation pressure model based on the solar com-
posite Lyman-α flux Version 3 to Version 4. We made
this estimate for the same IBEX-Lo observation seasons as
Kowalska-Leszczynska et al. (2018b): for solar minimum
(2010) and solar maximum (2014). The results are shown
in Figures 6 and 7, respectively. The first panels in these
figures present the IBEX-Lo flux based on Version 3 (gray
dashed line) and Version 4 (blue solid line). The second pan-
els present the ratio of these quantities. The third and fourth
panels show the differences in relative speeds and energies
at IBEX-Lo, respectively. The aforementioned quantities are
shown for individual IBEX orbits as a function of IBEX spin
angle.
The differences in the flux are largest for the early orbits
during the yearly observation seasons, where mostly the sec-
ondary ISN H population is observed. However, in this re-
gion, there is dominant component of the secondary He pop-
ulation (Kubiak et al. 2014), and the H component has not
been clearly identified so far. The magnitude of the ISN H
flux differences can be assessed by inspection of the second
panel, where a ratio of the fluxes is shown. During solar min-
imum, the change due to the modification in radiation pres-
sure model varies within (+10%, -5%). During solar maxi-
mum the change is larger, but the magnitude of the flux has so
far precluded its clear detection (Saul et al. 2013; Galli et al.
2019). Changes in the relative speed and, consequently, in
the relative energy are within 0.5 km s−1 and ∼ 0.4 eV and
are almost negligible.
Throughout the IBEX observation interval (starting at the
beginning of 2009), the V4/V3 ratio of Itot is almost constant.
Therefore, this study illustrates well the sensitivity of the flux
of ISN H to radiation pressure. As shown by Galli et al.
(2019), ISN H is best visible late during the yearly, obser-
vation season, when the Earth with IBEX are at ecliptic lon-
gitudes 175◦–200◦. Within individual orbits, the flux dif-
ference varies systematically from ∼ +5% to ∼ −5% and
again back to ∼ +5% during solar minimum conditions.
This suggests that there is an almost one to one sensitivity
of the observed ISN H flux to small variations in radiation
pressure. This sensitivity during the solar maximum is of a
similar magnitude, even though the behavior of the V4/V3
flux ratios is more complex.
3.5. ISN D
Since the line profile for deuterium is just shifted in radial
velocity due to the isotope effect and scaled in the magnitude
of radiation pressure due to the mass difference, all above
considerations apply to that element as well. The simulated
density of deuterium is very small (Tarnopolski & Bzowski
2008), and the expected flux at IBEX combined with detec-
tion efficiency results in an expected yearly count of detected
D atoms at IBEX of just several atoms (Kubiak et al. 2013).
Therefore, we will not show detailed analysis of ISN D here.
The radiation pressure model parameters for D are listed in
Table 2.
4. SUMMARY AND CONCLUSIONS
Following an update in the absolute calibration of the com-
posite solar Lyman-α flux (Machol et al. 2019), we re-
evaluated the parameters of the IKL model of solar radia-
tion pressure acting on H and D atoms in the heliosphere
(Kowalska-Leszczynska et al. 2018a). The new values of the
model coefficients are listed in Table 1 for H and Table 2 for
D.
The updated flux (Figure 1) changed by ±10%, with oc-
casional spikes to ±20%. After ∼ 2005, the change in Itot
is by an almost constant factor of ∼ 4%. In the radiation
pressure model, the change mostly affects the coefficients re-
sponsible for the total height of the profile and for the depth
of the central reversal. In general, the contrast between the
magnitudes of radiation pressure during the solar maximum
and minimum is slightly reduced.
8Figure 6. Simulated IBEX-Lo signal for ISN H for observation season 2010. First panel shows the total flux (combined primary and secondary
populations) based on Version 3 (gray dashed line) and Version 4 (solid blue line). Upper labels show the orbit number, and lower labels
correspond to the longitude of the observer. Second panel shows the ratio of the fluxes based on Version 4 and those based on Version 3. The
third and fourth panels present a difference between the speed and the energy, respectively, for the two populations separately. Red line is for
the primary population, and blue line is for the secondary population).
We studied the effect of the change in radiation pressure
on the distribution of ISN H density inside 10 au from the
Sun and on the ISN H flux at 1 au observed by IBEX-Lo.
The change in the simulated density may reach as much as
50% (at 1 au downwind), but is typically much less and fades
quickly with increasing solar distance. The IBEX-Lo signal
is affected by ∼ 10% or less, but in the regions of the Earth
orbit where the ISNH signal has been identified, the variation
is on the level of±5%. The magnitude of the variation varies
from one orbit to another and with the spacecraft spin angle.
While the changes due to the new calibration of the com-
posite Lyman-α flux are mild and only affect regions inside a
few au, we recommend adopting the new model of radiation
pressure in the heliospheric research, which can be easily im-
plemented and requires only replacing the parameters given
by Kowalska-Leszczynska et al. (2018a) with those listed in
Table 1 for H and Table 2 for D.
This analysis can be regarded as a study of the sensitivity
to ISN H to variations in radiation pressure. In this respect,
a most favorable comparison interval starts in 2005, when
the change in radiation pressure is by an almost constant fac-
tor of 1.04. We showed that this sensitivity increases with
decreasing distance from the Sun and from the upwind direc-
tion towards downwind, as shown in Figure 5.
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